Context: Despite the high frequency of knee injuries in athletes, few researchers have studied the effects of chronologic age and stage of maturation on knee-joint kinematics in male youth soccer players.
The knee-valgus mode score decreased with advancing chronologic age and during the later stages of maturation, which could be linked to enhanced relative strength and motor control. Greater knee-valgus scores for the right limb for the sample and certain age and maturation groups indicated the potential emergence of limb dominance in elite male youth soccer players. Quantifying the effects of chronologic age and stage of maturation on knee-valgus motion during the tuck-jump assessment will assist coaches in identifying players who demonstrate high-risk kinematics in an affordable and easy-to-administer way. Aberrant landing mechanics appear to be more pronounced during periods of rapid growth and subsequent gains in body mass, specifically in the U13 to U15 groups and circa-peak height velocity group. Practitioners should adopt an integrative neuromuscular training approach to program design, particularly for the U13 to U15 groups and circa-peak height velocity group, to develop fundamental movement skills and muscular strength through resistance training, balance activities, and plyometrics. R ecent data 1, 2 have shown a trend toward increased lower extremity injury with each sequential playing level in youth soccer players, indicating their relevance as a specific target group for injury-riskreduction strategies. Peak height velocity (PHV) has been defined as the age at which the maximum rate of growth occurs during the adolescent growth spurt. 3 A period of heightened risk occurs around this time, 4 which may be due in part to rapid changes in stature and mass but is also associated with altered movement and motor-control strategies. [4] [5] [6] In male youth soccer players, approximately 71% to 80% of injuries affected mainly the lower extremities, predom-inantly the upper thigh, knee, and ankle. 1, 7 The highest proportion of injuries to the knee are ligamentous, largely to the medial collateral ligament. 1, 7, 8 Moore et al 8 reported a rate of 0.71 knee injuries per player per year, equating to an absence of 17 training days and 2 matches per knee injury. Furthermore, the most frequent site of severe injury (time absent .28 days) was the anterior cruciate ligament (ACL). 9 Primary injury mechanisms for these structures have been identified, including a noncontact incident whereby the knee is positioned in valgus during landing and deceleration. 10, 11 Using appropriate screening protocols to prospectively identify players who demonstrate high-risk movement patterns may help prevent traumatic events via targeted neuromuscular-training techniques. 12 Kinematic assessments are considered useful in identifying the noncontact knee-injury risk. [12] [13] [14] [15] [16] [17] A major focus has often been placed on female athletes 13, 14, 18 ; however, aberrant landing kinematics have also been seen in male youth soccer players who subsequently sustained an ACL injury versus uninjured control individuals. 16 Yet few researchers have analyzed the effects of age and maturation on knee-joint kinematics in this cohort. Boys appear to demonstrate kinematic changes at the knee, with reductions in valgus alignment as they progress through maturation. [19] [20] [21] Male youth soccer players who participated in the U14 to U16 chronologic age groups also appeared to be at greater risk of knee injury, 8 which may have been due to periods of rapid growth. In the context of a soccer academy, players compete and are typically screened in their respective chronologic age groups; however, Schmitz et al 20 indicated that knee valgus may be influenced by the stage of maturity. Therefore, quantifying the effects of age and maturation on kneevalgus motion during repeated jumping tasks may help coaches identify players who demonstrate high-risk kinematics and developmental trends associated with age and different stages of maturity.
Cumulatively, despite the high frequency of knee injuries, limited evidence is available to determine the influence of age and maturation on knee-joint kinematics using coach-friendly diagnostics in male youth soccer players. Therefore, the purpose of our study was to examine possible age-and maturity-related differences in dynamic knee valgus using the tuck-jump assessment (TJA) in elite male youth soccer players.
METHODS

Experimental Design
We used a cross-sectional design to assess the effects of chronologic age and stage of maturation on dynamic knee valgus during the TJA. Participants were required to attend their respective club's training sessions on 2 occasions separated by a period of 7 days. We used the first session for familiarization and collected data during the second session. Standardization procedures, including the warm-up, test setup, and participant instructions, were replicated at each test session. We instructed participants to eat their normal diets, refrain from drinking substances other than water 1 hour before testing, and refrain from strenuous exercise for at least 48 hours before testing.
Participants
Four hundred elite male youth soccer players from the academies of 6 professional English soccer clubs volunteered to participate. Descriptive statistics are provided for each chronologic age and maturation group in Tables 1 and  2 , respectively. Maturation was calculated using a previously suggested regression analysis. 3 All players undertook regular neuromuscular training, including skill, balance, plyometrics, and resistance training, as these modes are a requirement of the clubs to maintain their academy status. No players reported injuries at the time of testing, and all were participating regularly in football training and competitions. We collected physical activity readiness questionnaires before testing. All participants and their parents or guardians provided written informed assent or consent, respectively, and the study was approved by the Cardiff Metropolitan University Ethics Committee.
Procedures
Anthropometry. Body mass in kilograms was measured on a calibrated physician scale (model 786 Culta; Seca, Milan, Italy). Standing and sitting height in centimeters was recorded on a measurement platform (model 274; Seca).
Biological Maturity. Stage of maturation was calculated in a noninvasive manner using a regression equation comprising measures of age, body mass, standing height, and sitting height taken during the data-collection period. Tuck-Jump Assessment. Tuck jumps were performed in place for 10 consecutive repetitions, and each participant's technique was visually graded for the presence of knee valgus based on previous recommendations. 17 A 2-dimensional video camera (model H200HD; Samsung, Ridgefield Park, NJ) was positioned in the frontal plane at a height of 0.70 m and a distance of 5 m from the landing area to capture the test. Knee valgus was estimated by measuring the angle created by lines drawn between the hip-, knee-, and ankle-joint centers. 19 Frontal-plane projection angles at the point of maximum knee flexion were subjectively classified as minor (,108), moderate (108-208), or severe (.208). The classifications were determined using pilot data and agreement among expert raters (n ¼ 5), including experienced strength and conditioning coaches and rehabilitation specialists (all authors). Researchers 22 have also shown that frontal-plane projection valgus angles ranging from 18 to 98 are to be expected for physically active adults during drop-jump tasks in uninjured participants. Using these classifications, knee valgus in the tuck jump was scored as follows: 0 (no valgus), 1 (minor), 2 (moderate), or 3 (severe). Recorded deficits were marked if the respective knee-valgus score was present on 2 or more repetitions, 23 and the maximum score was used for the analysis. Scores were marked retrospectively by the same rater (P.J.R.), a certified strength and conditioning specialist who was part of the research team.
Statistical Analysis
Descriptive statistics were calculated for each subgroup. We performed a Kruskal-Wallis test to determine whether tuck-jump knee-valgus scores differed between groups. Separate analyses were performed to compare a range of chronologic age groups that represented those in an elite soccer academy (U11-U18). A secondary analysis was also employed, grouping players by their stages of maturation (pre-PHV, circa-PHV, or post-PHV). To account for the reported error (approximately 6 months) in the equation, 3 Players who recorded a maturational offset from À1 to À0.5 or 0.5 to 1 were subsequently removed from the dataset when players were analyzed by stage of maturation. We conducted post hoc analyses using Mann-Whitney U tests to determine between-groups differences. Further analysis included a Wilcoxon signed rank test to assess differences in performance between limbs for the whole sample and for each subgroup. The frequencies of knee-valgus scores were also calculated for each limb for each chronologic age and maturation group. All data were computed through Excel (version 2010; Microsoft Corp, Redmond, WA). Kruskal-Wallis and Wilcoxon signed rank tests were processed using SPSS (version 21; IBM Corp, Armonk, NY). We set the a level at .05. Intrarater reliability for knee-valgus scores in the repeated TJA was assessed using the j coefficient. To do this, we evaluated the videos of 50 participants on 2 occasions separated by 1 week to determine the accuracy and repeatability of subjectively classified scores.
RESULTS
Median and mode knee-valgus scores for the right and left limbs for all chronologic age and maturation groups are displayed in Table 3 . The U18 group had lower knee-valgus scores for the right limb than all other age groups (P , .001) except for the U16 group. For the left limb, kneevalgus scores were higher in the U11 and U12 groups than in all age groups (P , .05) except the U13 group, and lower scores were recorded in the U18 group (P , .001). A trend toward a difference was shown with lower right-limb kneevalgus scores in the U16 than in the U13 (P ¼ .058) and U12 (P ¼ .08) groups. When analyzed by maturation, rightlimb scores were highest in the pre-PHV group; however, these differences were only significant when comparing the pre-PHV and post-PHV groups (P , .001). For the left limb, the post-PHV group had a lower score than both the circa-PHV and pre-PHV groups (P , .001).
With all players combined, between-limbs comparisons revealed that knee-valgus scores were higher for the right limb (P , .001). The same pattern was observed in the U14 to U18 groups and for the circa-PHV and post-PHV groups, with no between-limbs differences in the U11 (P ¼ .75), U13 (P ¼ .21), and pre-PHV (P ¼ .88) groups. As shown in Table 3 , interlimb asymmetry median and mode scores were evident in the U14, U15 (2 : 1 right versus left), and U18 (1 : 0 right versus left) groups. The same pattern of interlimb differences was observed when analyzed by maturation ( Table 3) .
The distribution of knee-valgus scores for each chronologic age and maturation group is displayed in the Figure. The greatest frequencies of no-valgus scores were recorded in the U18 and post-PHV groups. The frequencies of moderate and severe scores were greater in the younger chronologic age groups and in players who were pre-PHV and circa-PHV. The combined percentage of moderate and severe scores was also lower in the older chronologic age groups for both limbs. This pattern was consistent when the data were analyzed by maturation stage, with the circa-PHV and post-PHV groups displaying reductions in combined moderate and severe knee-valgus scores compared with the pre-PHV group. We observed the highest percentages of severe scores in the U13 and pre-PHV groups for the right limb.
Intrarater reliability for knee-valgus scores was deemed strong (j ¼ 0.89).
DISCUSSION
We assessed the effects of chronologic age and stage of maturation on the presence of knee valgus in elite male youth soccer players during the TJA. Results showed reductions in knee-valgus mode scores and lower frequencies of moderate and severe valgus scores with advancing age and stage of maturation. The highest percentages of severe scores were in the U13 and pre-PHV groups for the right limb. Knee-valgus scores were also greater for the right limb when all the players were combined, with subgroup analysis showing noteworthy interlimb asymmetry in the U14 to U15 chronologic age groups and the circa-PHV group.
All chronologic age groups except the U18 group recorded knee-valgus mode scores greater than 1 during the TJA as measured via frontal-plane projection angles, indicating that this risk factor was present to some degree in most of the elite male youth soccer players. Greater valgus motion on landing is a high-risk mechanism for ACL and medial collateral ligament injury, 18, 24, 25 and the latter has been reported as the most frequently occurring knee injury in this cohort. 1, 8 Untrained youths who did not regularly undertake strength-and plyometric-training activities were more likely to demonstrate knee-valgus malalignment. 19 Our results reinforce the need for age-appropriate neuromuscular training to target strength and motor-control deficits to reduce the athletes' relative risk of injury. 23, 26 We observed a trend toward reduced knee-valgus scores with advancing age and stage of maturation. These findings are consistent with those of researchers 21 who examined male recreational youth soccer players. Investigators 27 have observed reduced ground reaction forces relative to body weight with maturation during a drop-jump maneuver. These data indicate that, with advancing age and maturation, athletes are better able to attenuate landing forces by using more effective movement strategies to dissipate force. 28 Reductions in valgus could be due to the benefits of maturation in terms of increased strength and motor control, 29 or chronologic age may be a surrogate of training age, whereby older players have adapted positively from a greater training history. When the data from all players were pooled, knee-valgus scores were greater for the right limb. The same pattern was observed for all chronologic age and maturation groups, notwithstanding the U11 to U13 and pre-PHV groups. Movement variability during jumping tasks is more evident in younger athletes, 30 which may explain the discrepancy in our study between players who were prepubertal and players who were older and at a later stage of maturation. Greater knee-valgus scores for the right limb may indicate that limb dominance is evident in elite male youth soccer players: this appears to emerge at the onset of the U14 chronologic age group (as indicated by asymmetric median and mode scores) and continue through PHV and into early adolescence. Interlimb asymmetry in foundational movement tasks has been reported 5 to increase during this period due to physiological adaptations of the dominant limb in youth soccer players. 31 Therefore, increases in limb dominance may be an age-and maturity-related injury risk factor. A plausible explanation is that most participants in this study preferred to use their right foot for kicking actions; with greater exposure to soccer-specific practice and competitions, players may become more accustomed to and competent at landing and stabilizing on their left limbs. Whereas no data are available to confirm this in youth athletes, the distribution of noncontact ACL injuries has shown that 74.1% of adult male elite soccer players injured their dominant (kicking) limbs. 32 Further research is required to analyze prospective relationships between limb dominance and injury risk in elite male youth soccer players.
Interlimb asymmetric median and mode scores were evident in the U14, U15, and U18 groups and the circa-PHV and post-PHV groups. The asymmetry scores for the U14 and U15 groups and the circa-PHV group may reflect an increased injury risk (2 : 1 right versus left comparison). The highest frequency of severe knee-valgus scores was also recorded in the U13 group. Recent data 4, 33 showed that elite male youth soccer players were particularly susceptible to injury from the ages of 13.5 to 14.5 years. This could be attributed to potential alterations in motor control that may emerge during periods of rapid growth. 6 Subsequently, heightened risk and the potential for a greater incidence of overuse or traumatic knee injury may also be present for players in these groups. 4, 33 However, further investigation is needed to examine if greater valgus scores and asymmetry between limbs increase the risk of injury in this cohort.
CONCLUSIONS AND PRACTICAL APPLICATIONS
To our knowledge, we are the first to provide crosssectional data from elite male youth soccer players using the TJA to examine the effects of chronologic age and stage of maturation on knee-joint kinematics during a dynamic jump-landing task. We observed reductions in knee-valgus mode scores with advancing chronologic age and during later stages of maturation, which could be linked to enhanced relative strength and motor control. Greater knee-valgus scores for the right limb in the sample and in certain age and maturation groups suggested the potential emergence of limb dominance in elite male youth soccer players. Furthermore, noteworthy interlimb knee-valgus asymmetries were present in the U14 to U15 chronologic age groups and in the circa-PHV group, indicating that these groups should be targets for injury-risk-reduction strategies. This aberrant movement pattern, which appears to emerge during periods associated with rapid growth in stature, may increase the risk of traumatic injury due to asymmetric loading of passive knee structures. Quantifying the effects of chronologic age and stage of maturation on knee-valgus motion during the TJA will help coaches identify players who demonstrate high-risk kinematics in an easy and affordable way. Aberrant landing mechanics appear to be more pronounced during periods of rapid growth and subsequent gains in body mass, specifically in the U13 to U15 and circa-PHV groups. These groups should be considered important targets for injury-prevention strategies, with practitioners addressing any neuromuscular deficits through developmentally appropriate and technique-driven exercise prescriptions. Specifically, practitioners are advised to adopt an integrative neuromuscular-training approach to program de- 15, 34, 35 that develops fundamental movement skills and muscular strength through resistance training, balance activities, and plyometrics. Researchers 35, 36 have shown that this form of training should be initiated during preadolescence and maintained through adolescence to enhance skill-related fitness and reduce the risk of sportrelated injury.
